Abstract-The migration of vascular cells is regulated by matrix metalloproteinases (MMPs) and their tissue inhibitors (TIMPs). Because the activation of adventitial fibroblasts has been implicated in coronary repair, we have examined regional differences in cell outgrowth and the synthesis of MMPs/TIMPs in different layers of porcine coronary arteries. Coronary medial explants demonstrated significantly slower cell outgrowth than coronary adventitia in culture (PϽ0.001). These observations were paralleled by the predominant expression of TIMP-1 and -2 in the media (14-fold and 37-fold higher than in adventitia, respectively, PϽ0.001), whereas higher gelatinolytic activities (MMP-2 and -9) were released from adventitial explants. Smooth muscle cell outgrowth from the media was regulated by endogenous TIMPs, since TIMP inhibition (recombinant MMP-2 or neutralizing anti-TIMP antibodies) facilitated cell outgrowth (PϽ0.001). In contrast, the addition of recombinant TIMP-1 or -2 decreased adventitial cell outgrowth. In the coculture experiments, the presence of coronary media retarded adventitial cell outgrowth, whereas medial damage abrogated these effects, allowing for fibroblast migration (PϽ0.001).
A balance between matrix metalloproteinases (MMPs) and their inhibitors (TIMPs) contributes to tissue remodeling under physiological and pathological conditions. [1] [2] [3] [4] Migration of resident vascular cells, a key event in the development of many vascular diseases, 5 is associated with enzymatic degradation of the intricate network of extracellular matrix (ECM) proteins. The upregulation of MMPs and serine proteases coincides with the formation of a hypercellular neointima after arterial injury. 6 -9 Previous studies have emphasized the expression of proteolytic enzymes by smooth muscle (SM) cells, which is consistent with the migration of medial cells during remodeling of noncoronary vascular beds. 10 -14 Recent observations regarding coronary response to injury, however, have pointed to a number of cellular mechanisms not included in the classic paradigm of vascular repair. 15 They involved the phenotypic versatility of adventitial fibroblasts that contribute to coronary repair, 16, 17 similar to nonvascular fibroblasts during wound healing. 18, 19 Translocation of coronary adventitial fibroblasts/myofibroblasts to the neointima contrasted with a limited response of medial SM cells in a porcine model of severe coronary injury. 20, 21 These observations have prompted a question regarding the mechanisms regulating distinctive properties of cellular constituents within the coronary arterial wall. In this study, we sought to examine whether the migratory characteristics of adventitial and medial coronary cells are mediated by regional differences in the expression of matrix-degrading enzymes and their tissue inhibitors. The results demonstrated a higher intrinsic gelatinolytic activity and a rapid cell outgrowth in the adventitia, whereas preferential expression of TIMPs was present in the media that exhibited slower cell outgrowth. Endogenous TIMPs had the ability to inhibit adventitial cell outgrowth, whereas the inactivation of TIMPs in the media promoted cell migration. These findings suggest that constitutive expression of TIMPs in coronary media plays an important regulatory role in arterial wall homeostasis.
Methods

Preparation of Explants and Cell Outgrowth
Coronary arteries derived from domestic crossbred female pigs (4 to 6 months old) were longitudinally opened and the endothelium was removed by gentle rubbing. The adventitia and media were separated by using fine surgical instruments with the assistance of surgical loops (magnification ϫ2) followed by ␣-SM actin immunostaining of random samples (not shown). Cell outgrowth assay was performed by using a modified method described by Kenagy et al. 13 The adventitia and media were first cut into 1-mm strips and then into Ϸ1-mm 2 pieces. They were plated into individual wells of a 24-well plate in DMEM supplemented with 10% FBS, 100 IU/mL penicillin, 100 g/mL streptomycin, and 2 mmol/L glutamine at 37°C in a humidified incubator with 5% CO 2 . In some experiments, medial explants were placed in wells coated with either matrigel, fibronectin, laminin, collagen type I, or collagen type IV or were stimulated with platelet-derived growth factor-BB (PDGF-BB) (10 ng/mL) or interleukin-1␣ (1 ng/mL) to facilitate SM cell outgrowth. For the coculture experiments, adventitial explants (Ϸ1 mm 2 ) were placed on top of the media (Ϸ2 mm 2 ). Fresh medium was added every 2 days. The explants were examined daily under a microscope and counted as positive for migration if Ն5 cells were observed. Five cells rather than 1 cell were used to determine cell outgrowth to eliminate false-positive results because of tissue manipulation. The time to achieve outgrowth in 50% of the explants was calculated, because coronary media never reached migration in all explants over the 20-day period. To evaluate the regulation of coronary cell outgrowth, recombinant MMP-2, TIMP-1 and -2, and neutralizing antibodies against TIMP-1 and -2 (Calbiochem) were added at different concentrations to the culture medium. Irrelevant protein (mouse IgG) was used as a control for TIMP neutralizing antibodies. Each experiment was performed in 6 explants per condition and was repeated 3 to 12 times on different occasions, using tissues isolated from at least 3 animals.
Preparation of Conditioned Medium From Coronary Tissue Explants
To measure the changes in MMPs and TIMPs in tissue explants, multiple coronary adventitial or medial specimens (15 to 20 explants) derived from at least 2 coronary arteries were placed in a serum-free medium (0.5 mL/well) for 24 hours. For stimulation, the explants were placed on a metal screen in 10% FBS for 3 days. After rinsing with a serum-free medium, the explants were transferred into 24-well plates and incubated in a serum-free medium for an additional 24 hours (0.5 mL/well). The conditioned medium from explants was harvested after the addition of PMSF (1 mmol/L, Sigma). After centrifugation, the supernatant was concentrated 5ϫ through a Centricon concentrator 10 (Amicon) and stored in aliquots at Ϫ70°C. The protein concentration was measured with BSA as a standard (Bio-Rad Laboratories).
Zymography
Gelatinolytic activity was analyzed by zymography with bovine skin gelatin or ␤-casein (1 mg/mL, Sigma) as substrate. 22 The conditioned medium from tissue explants (15 g of protein per lane) was electrophoresed at 4°C in 7.5% (wt/vol) polyacrylamide gels containing 0.2% SDS under a nondenaturing condition. After electrophoresis, the gels were washed in 1% Triton X-100 and then incubated at 37°C in 50 mmol/L Tris buffer (pH 7.6) containing 5 mmol/L CaCl 2 , 1 mol/L ZnCl 2 , 1 mmol/L aminophenolmercuric acetate, and 1% Triton X-100 for 18 hours. The gels were stained with Coomassie Brilliant Blue R-250 (Sigma) in 5% acetic acid and 10% ethanol. Gelatinolytic or caseinolytic activities were indicated by clear zones of lysis with MMP-2 (Calbiochem) and MMP-9 (Chemicon) used as standards. Identical gels were incubated in the presence of 10 mmol/L EDTA to confirm the metal dependence of gelatinolytic activity that is characteristic of MMPs. 22 The gels were dried, scanned by a ScanJet 4C scanner (Hewlett Packard), and analyzed by using NIH Image 1.61/ppc software. Each experiment was performed at least 4 times on different occasions by using tissue isolated from at least 8 animals.
Western Blot
To identify MMPs and TIMPs, the antibodies from at least 2 independent sources were used. The conditioned medium was electrophoresed on 4% to 15% (wt/vol) Tris-glycine ready gel (Bio-Rad Laboratories). The fractionated proteins were then electrotransferred onto PolyScreen PVDF membranes (DuPont NEN) in a transfer buffer containing 192 mmol/L glycine, 25 mmol/L Tris, 0.01% SDS, and 20% methanol. The blots were blocked in 5% nonfat milk for 1 hour and then incubated with mouse monoclonal antibodies or rabbit polyclonal antibodies against human MMP-2 and 9 (Binding Site and Calbiochem), and human TIMP-1 and -2 (Calbiochem and Chemicon) in 2.5% BSA. Positive controls included human MMPs and TIMPs (Calbiochem and Chemicon). The membranes were washed 3 times with PBS containing 0.1% Tween 20 and incubated with biotinylated goat anti-mouse or goat antirabbit antibodies. The blots were washed and then incubated with streptavidin-peroxidase conjugate (Boehringer Mannheim) for 30 minutes. After washing, the blots were incubated with Renaissance chemiluminescence reagent (DuPont NEN) for 10 seconds and exposed to Kodak X-Omat film for 30 seconds to 3 minutes. The films were scanned and analyzed as described above. Each experiment was performed at least 3 times on different occasions by using tissues isolated from at least 6 animals.
Statistical Analysis
Data are expressed as meanϮSD values. Paired t test was used to compare the difference between paired samples. One-way ANOVA was used to compare the multigroup variables. If the F test results were significant, Bonferroni's analysis was performed to determine differences among subgroups. A value of PϽ0.05 was required to reject the null hypothesis.
Results
Cell Outgrowth From Coronary Adventitia and Media
To examine migration of the cellular constituents of the arterial wall, we have compared cell outgrowth from porcine coronary adventitial and medial explants. The time to reach migration (ie, Ն5 cells) in 50% of serum-stimulated explants was 12Ϯ2 days and 3Ϯ1 days for medial and adventitial samples (nϭ12, PϽ0.001), respectively. Although medial cell outgrowth was facilitated by addition of PDGF-BB (10Ϯ1 days, nϭ4, PϽ0.01 versus serum-stimulated media), their migratory properties remained slower than those of adventitial fibroblasts (PϽ0.001). Furthermore, additional stimuli (interleukin-1␣, nϭ4) or various matrix components (fibronectin, matrigel, collagen I, collagen IV, and laminin; nϭ4) failed to enhance the outgrowth of coronary SM cells (Figure 1 ). Cell outgrowth was independent of cell proliferation, inasmuch as the addition of hydroxyurea (5 mmol/L) for 15 days, an inhibitor of DNA synthesis, did not affect cell migration from coronary explants (12Ϯ2 days and 3Ϯ1 days, respectively, for medial and adventitial explants, nϭ3, NS versus no hydroxyurea).
Matrix-Degrading Activity and TIMPs in Coronary Adventitial and Medial Explants
To examine the synthesis of matrix-degrading enzymes, gelatinolytic activities in the conditioned medium derived from coronary medial and adventitial explants were compared by zymography. Medial explants exhibited lower levels of MMP-2 (Ϸ66 kDa and Ϸ72 kDa) and MMP-9 (Ϸ88 kDa), compared with adventitial samples (nϭ5, PϽ0.01; Figure 2 ). The expression of MMP-2 (72 kDa and 66 kDa) was confirmed by Western blot, whereas MMP-9 antibodies failed to recognize porcine MMP-9 (data not shown).
The expression of TIMPs was examined in the conditioned medium from coronary explants by Western blot. TIMP-1 and -2 were predominantly synthesized by the media, which showed 14-fold (nϭ8) and 37-fold (nϭ3) higher levels over the adventitia, respectively (PϽ0.001; Figure 3 ). An unknown species (Ϸ55 kDa) was also recognized by polyclonal TIMP-2 antibody in coronary adventitia. After serum stimulation, TIMP-1 levels remained high in coronary media, whereas TIMP-2 expression decreased. In contrast, the levels of TIMP-1 and -2 did not increase in serum-stimulated adventitial explants (data not shown).
Modulation of Coronary Cell Outgrowth by MMPs and TIMPs
Regional differences in cell outgrowth ( Figure 1 ) and MMP/ TIMP levels (Figures 2 and 3 ) suggested a causal relation between these phenomena. The functional importance of a high gelatinolytic activity within the adventitia was examined in the inhibition experiments by using recombinant TIMP-1 and -2. Both recombinant TIMPs significantly delayed adventitial cell outgrowth (Figure 4 ; nϭ3, PϽ0.001). Conversely, the role of higher TIMP levels in coronary media was assessed by using recombinant MMP-2 or neutralizing antibodies against TIMP-1 or -2. SM cell outgrowth from coronary medial explants was enhanced by all treatments designed to abolish endogenous TIMPs ( Figure 5 ; nϭ3, PϽ0.01), although the rate of migration remained lower than that for adventitial cells.
Higher levels of TIMP expression in coronary media suggested a potential homeostatic mechanism preventing cell outgrowth in the coronary vasculature. To test the effects of endogenous TIMPs, coronary media was cocultured with adventitia to examine adventitial cell outgrowth ( Figure 6 ). The presence of normal coronary media inhibited adventitial cell outgrowth similar to recombinant TIMPs applied to the adventitia (Figure 4 ). This inhibitory effect was likely mediated by a secretable factor(s) (eg, endogenous TIMPs), because medial damage (boiling) Gelatinolytic activity in conditioned media derived from coronary medial and adventitial explants. Top, Representative zymogram. Coronary medial or adventitial explants were stimulated in 10% FBS for 3 days. Then tissue explants were incubated with a serum-free medium for an additional 24 hours, and conditioned culture medium (15 g of protein per lane) was analyzed. Coronary medial explants demonstrated low levels of MMP-2 (Ϸ66 kDa and Ϸ72 kDa) and active MMP-9 (Ϸ88 kDa). Human MMP-2 and 9 standard (std) is shown for comparison. Bottom, Gelatin lysis bands corresponding to MMP-2 and MMP-9 were quantified. MMP-2 and MMP-9 activities derived from adventitial explants were higher, compared with medial explants (PϽ0.01, nϭ5 ). *PϽ0.01, coronary medial versus adventitial explants. 
Discussion
This study presents evidence for regional differences in the balance between MMPs and TIMPs within the coronary arterial wall. Coronary media showed constitutive expression of TIMPs, low levels of gelatinolytic activity, and a slow cell outgrowth. In contrast, the adventitial layer exhibited preferential matrix-degrading activity associated with a rapid cell outgrowth. Endogenous TIMPs suppressed coronary cell outgrowth, which suggested their regulatory role in maintaining coronary arterial wall homeostasis.
Coronary Cell Migration and MMPs/TIMPs
Cell migration in vivo is facilitated by the chemotactant effects of cytokines, cytoskeletal proteins allowing for cell locomotion, and degradation of ECM. Adventitial fibroblasts undergo changes in their cytoskeleton (myofibroblast formation) and translocate to the neointima after severe coronary injury. 16, 17, 20, 21, 23 The latter is often obscured by the similarities between activated fibroblasts (ie, myofibroblasts) and the adjacent SM cells. The present study has largely avoided these difficulties by using arterial explants as described by Kenagy et al. 13 Cell outgrowth from adventitial and medial explants reflected the intrinsic ability of cells to migrate and local differences in ECM composition. The effects of cell proliferation was minimized by counting the explants positive for migration rather than the absolute cell number. The observed differences in migratory properties of adventitial and medial cells corroborated previous findings in vivo, which suggested the involvement of coronary fibroblasts in neointimal formation. 17, 20, 21 Vascular fibroblasts have also been implicated in intimal formation in porcine arterialized saphenous vein grafts and in canine carotid arteries after mild injury. 24, 25 Species differences or vascular cell heterogeneity could account for fewer than expected migratory properties of coronary SM cells as noted in this study. 26 -29 These factors could also play a role in purported inhibitory influence of the adventitia on medial cell migration previously described in noncoronary vascular tissues of rabbits. 28 The activation of MMPs and serine proteases is required for vascular cells to breach the surrounding ECM. Although the increases in the overall gelatinolytic activities have been previously detected after noncoronary arterial injury (rat, pig, and baboon), 6, 7, 13, 14, 30 local matrix-degrading homeostasis in the coronary vasculature has been less elucidated. The expression of MMPs/TIMPs is regulated by several growth factors and cytokines that are locally released after vascular injury. 7, 12, 31 At the transcriptional level, cytokines act through the positive or negative regulatory elements of MMPs/TIMPs genes. 32 At the posttranscriptional level, the activation of MMPs involves plasmin-dependent cleavage of its propeptide and membrane-type MMP, which exerts local tissue control of MMP-2. 33, 34 In this study, different levels of MMPs/TIMPs were released from adventitial explants (Figures 2 and 3 ). Higher expression of TIMPs in coronary media was associated with limited outgrowth of medial SM cells, despite the concomitant decrease in TIMP-2, likely caused by its binding with MMP-2 after stimulation. In contrast, significantly higher MMP activity in the adventitia was associated with "invasive" properties of adventitial fibroblasts. The causal relation between MMPs/TIMPs and coronary cell migration has been further suggested by several blocking experiments that targeted either endogenous TIMPs in the media or MMPs in the adventitia (Figures 4 and 5 ).
TIMPs and Vessel Wall Homeostasis
Local expression of TIMPs exerts broad biological functions, including the regulation of ECM turnover, the modulation of growth factor activity, and the effect on cell morphology. 35 The constitutive expression of TIMP-1 and -2 in the tunica media may represent an important mechanism maintaining vessel wall homeostasis. Our observations suggest that endogenous TIMPs retard vascular cell migration consistent with the reduction of neointimal formation after overexpression of TIMP-1 in the injured rat carotid artery. 36 The inhibitors of MMPs, interacting either directly (eg, TIMP-1 and -2) or through serine proteases (eg, PAI-1), increase in the neointima after arterial injury. 37, 38 Their biological effects are not restricted to the regulation of cell migration (TIMP-1, -2, and -3), but they also exert an antiproliferative effect (TIMP-2) or induce apoptosis (TIMP-3) when overexpressed. 39 The homeostatic role of the intact media has been exemplified by the inhibition of adventitial cell outgrowth in the coculture experiments ( Figure 6 ). The mechanism of this phenomenon likely involved endogenous TIMPs produced by the media, because depletion of TIMPs from the media (boiling) allowed for adventitial cell outgrowth, whereas recombinant TIMPs retarded adventitial cell outgrowth. The age-dependent loss of TIMP-1 expression could contribute to altered arterial homeostasis and increased intimal formation during aging. 40 It remains to be determined whether focal medial damage is accompanied by further reduction in TIMP synthesis and contributes to the observed shift toward ECM degradation in atherosclerotic lesions. 3, 41 In conclusion, the results of this study demonstrated that the differences in migratory properties of coronary fibroblasts and SM cells are associated with dissimilar levels of MMPs/ TIMPs. Slow migration of coronary SM cells is likely caused by constitutive expression of TIMPs and low expression of MMPs, whereas higher levels of matrix-degrading activity may confer invasive characteristics of adventitial fibroblasts. Our findings suggest that endogenous TIMPs in the media play an important role in maintaining arterial homeostasis (eg, preventing coronary cell migration) and that the impairment of their synthesis may contribute to the pathogenesis of coronary lesion formation.
